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A detailed computational study has been performed to assess the possibility of applying polydimethyl-
siloxane (PDMS) and its structurally similar derivatives as semi-permeable membranes to filter two
naphthenic, cyclohexanecarboxylic and 2-norbornaneacetic, acids using a portable mass spectrometer.
Several state-of-the-art levels of theory have been used to understand the interactions between PDMS
membranes and naphthenic acids, which enabled us to consider membrane design in both liquid and
gas phases. Molecular dynamics (MD) simulations have been performed to evaluate interaction energy
between PDMS-based layers and naphthenic acids in the presence of water molecules, a scenario that
corresponds to the most realistic conditions. Density functional tight-binding (DFTB) calculations were
used to obtain interaction energies between PDMS-based chains and naphthenic acids, which allowed
us to consider interaction in the gas phase. Density functional theory (DFT) calculations were used to
investigate the electron density between the interacting molecular species, which was the basis to iden-
tify noncovalent interactions responsible for the interaction and binding between PDMS-based chains
and naphthenic acids. Finally, the symmetry-adapted perturbation theory (SAPT) approach was used to
decompose the interaction energies into meaningful physical components and identify the one that prin-
cipally contributes to the attraction. Our calculations indicate that PDMS and some of its structurally sim-
ilar derivatives have significant potential to be practically applied as semi-permeable membranes for
filtration of cyclohexanecarboxylic and 2-norbornaneacetic acids.

� 2022 Elsevier B.V. All rights reserved.
1. Introduction

The high demand for hydrocarbons and excess consumption are
depleting conventional oil extraction sites. Oil deposits rich with
naphthenic acids are becoming interesting in terms of exploitation
as their availability and relatively low price make them a viable
raw material [1]. Crude oil rich with naphthenic acids is found pri-
marily at sites in California, Russia, Venezuela, China and India [2].
The acidity of a crude oil presents concern in the oil industry
because equipment used in oil extraction and refining is subjected
to increased wear. Therefore, the possibility of breakdowns brings
up maintenance costs of the facilities which will cause higher mar-
ket prices as a consuequece [3].

Structurally, naphthenic acids are monocarboxylic acids with
carboxyl group attached to a cyclopentane or cyclohexane ring
either directly or via alkyl group with the total number of carbon
atoms ranging from 7 to 17 and in some cases up to 40 [4,5]. Acid-
ity of a crude oil is expressed using TAN, which is a total acid num-
ber. TAN is expressed as quantity of base, potassium hydroxide in
milligrams, needed for neutralization of 1 g of crude oil [6]. It is
now known that there is a link between TAN and corrosive proper-
ties of a crude oil [7], but it cannot be used as definite claim since
crude oils have different corrosive characteristics and can have the
same TAN value [8]. This leads to a conclusion that not all acids
contribute to the corrosion equally. Crude oil has naphthenic acid
content in range usually from 0 to 4% [9].

Another other major issue with naphthenic acids-rich oil depos-
its is that naphthenic acids are relatively soluble in water (50 mg
L�1) [10] which creates a range of an ecological problems for the
wildlife in case of oil spills. Toxicity of just few dozens of naphethe-
nic acids have been studied since not so many of these compounds
are available commercially, and it has been proven for a wide range
of organisms such as birds, bacteria, aquatic and terrestrial animals
[5,11].
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Monitoring of crude oil spills on-site became possible by using
membrane inlet mass spectrometry (MIMS) [12]. This technique is
based on having semi-permeable membranes between an analyzed
medium and a vacuum system with the analyzer. MIMS is simple,
requires no sample preparation and is highly sensitive for certain
types of volatile organic compounds from aqueous, gaseous and
solid samples [13].

MIMS coupled with a portable mass spectrometer could poten-
tially be cost-effective, simple and easy method [14] of analyzing
naphthenic acids in oil spills. Most of the tested naphthenic acids
have mass range up to m/z 200, and they could be detected with
a suitable MIMS membrane.

The development of novel materials for application in various
areas heavily relies on computational methods. To understand
what happens on the molecular level, scientists apply a variety of
atomistic computations that enable them to predict the essential
properties and reduce the cost related to experiments [15–18].

To pass through the MIMS membrane, the interaction energy
between membrane and molecule needs to be as low as possible.
If the interaction energy between SPM and molecule is too strong,
the SPM could practically trap the molecule, preventing it from
reaching the detector. In this regard, it is imperative to identify
materials with as weak as possible interaction energy with the
molecule that should be detected. This is where computational
methods such as molecular dynamics (MD) simulations and quan-
tum mechanical (QM) calculations are beneficial because they
enable evaluating the interaction energy between membrane and
molecule.

Polymer-based membrane materials are used for MIMS due to
their selectivity for a broad range of volatile and semi-volatile
organic compounds. They provide fast chemical analysis (within
seconds) allowing both qualitative and quantitative analysis with
limited or no sample preparation. This is enabled with a pervapo-
ration process for the analytes consisting of adsorption of mole-
cules onto a membrane surface, diffusion through the membrane
material and desorption of the analyte into the mass spectrometer.

Thanks to the rapid development of science and technology,
various computational methods have become readily available
for the investigation of materials’ properties long before they are
synthesized [19–24]. Quantum-mechanical methods, fundamen-
tally based on the density functional theory (DFT), are among the
most frequently utilized levels of theory. They have been beneficial
for predicting the strength of binding between molecules [25–28].
Computational methods based on wavefunction offer even more
accurate results, at the cost of computational time necessary to
perform these calculations [20,29]. Although solvent effects can
be treated by DFT and wavefunction methods with a variety of
approaches, to involve solvent molecules explicitly, it is more fea-
sible to use molecular dynamics (MD) simulations [17,21,29,30].
Aside of allowing explicit involvement of solvent molecules, it also
enables one to study large systems consisting of thousands of
atoms.

This work aims to apply state-of-the-art computations to eval-
uate the potential of PDMS and structurally similar polymers to be
used as semi-permeable membranes for cyclohexanecarboxylic
(CHA) and 2-norbornaneacetic (2NA) naphthenic acids. This work
encompasses the application of MD simulations, density functional
theory (DFT), density functional tight-binding (DFTB) and
symmetry-adapted perturbation theory (SAPT) calculations. MD
simulations were used to consider the interaction between PDMS
and naphthenic acids in the most realistic conditions, where the
polymer layer and interacting molecule are surrounded by water.
DFTB calculations were used to obtain interaction energies
between PDMS-based polymeric chains and naphthenic acids,
which correspond to conditions in the gas phase. Finally, to gain
2

a deeper understanding of the interaction between PDMS and
naphthenic acids, a set of DFT and SAPT calculations has been per-
formed. All calculations are investigating the potential of the pure
PDMS as a semi-permeable membrane and indicate that one of its
derivatives may have better membrane properties for fast separa-
tion of naphtenic acids.
2. Computational details

In this work, several modernmolecular modeling packages have
been utilized to study the interactions between PDMS-based mate-
rials and selected naphthenic acids. MD simulations were per-
formed with the Desmond [31] program, as implemented in the
Schrödinger Materials Science Suite (SMSS), version 2019-3 [32–
35]. The OPLS3e force field [36–39] was used in all MD simulations,
while the simulation time was set to 30 ns. Other MD simulation
details included the application of the NPT ensemble of particles
and normal pressure, while the solvent was modeled by a simple
point charge (SPC) model. The models used for MD simulations
are illustrated in Fig. 1. MD models consisted of the membrane
part, on which top was placed one molecule of naphthenic acid
(CHA or 2NA). The membrane part and the naphthenic acid mole-
cules were then surrounded by water molecules to mimic the real-
istic situation corresponding to the spiling of oil into the water. The
packing of the polymer chains, which constitute the central part of
the MD model, was performed with the Packmol program [40,41].
10 MD models were subjected to MD simulations at three temper-
atures. Further details about MD models and selected tempera-
tures are provided in the chapter dealing with MD results.

Quantum mechanical (QM) calculations have been performed
using the density functional theory (DFT), density functional
tight-binding (DFTB), and symmetry adapted perturbation theory
(SAPT) methods. DFT calculations in combination with B3LYP
exchange-correlation functional [42], a standard functional for ini-
tial studying of reactive and interaction properties of small and
middle-sized organic molecules, and 6-31G(d,p) basis set [43–45]
were used to investigate the reactive properties of CHA and 2NA
molecules. To investigate the interaction between PDMS and its
derivatives with CHA and 2NA molecules, a combination of DFTB
and DFT calculations has been used. DFTB [46–48] calculations
based on the extended tight-binding (xTB) model Hamiltonian
and GFN1-xTB parametrization covering elements up to radon
were used to optimize systems consisting of polymer chain plus
CHA or 2NA molecules. This variant of DFTB, recently developed
by Grimme et al. [49], allows one to perform various QM calcula-
tions at a fraction of time compared to the DFT approach. Interac-
tion energies between polymer chain and naphthenic acid
molecules were calculated based on DFTB calculations according
to the following equation:

Ei ¼ Etot PDMSþ NAð Þ � E PDMSð Þ � E NAð Þ; ð1Þ

where Etot PDMSþ NAð Þ denotes total energy of optimized complex
consisting of PDMS-based chain plus the CHA or 2NA molecule,
EðPDMSÞ denotes total energy of sole optimized PDMS-based chain,
while the EðNAÞ denotes the total energy of CHA or 2NA molecule.

Furthermore, the geometrically optimized structures were
exported and used to identify noncovalent interactions between
PDMS and naphthenic acids molecules by DFT calculations. Last
but not least, SAPT [50–53] calculations (precisely the SAPT0 vari-
ant) were used on selected systems to decompose the interaction
energy to meaningful physical components, revealing which con-
tribution was the most important in terms of attraction between
polymer chains and CHA/2NA molecules. In the framework of the
SAPT approach, the dimer’s Hamiltonian is fragmented to contribu-



Fig. 1. Model for MD simulations – PDMS chains are presented in ball-and-stick representation, CHA or 2NA as van der Waals spheres, while water molecules are shown in
the wired presentation.
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tions from each monomer and the interaction. In particular, the
Hamiltonian is written as a sum of the monomer Fock operators,
monomers’ fluctuation potentials, and the interaction potential.
The SAPT0 variant represents the simplest truncation of the SAPT
expansion.

All DFT calculations have been performed with the Jaguar
[32,33] programs, as implemented in the SMSS, version 2021-4.
All DFTB calculations have been performed with the DFTB engine,
as implemented in the Amsterdam Modeling Suite 2021.1 devel-
oped by Software for Chemistry and Materials (SCM) [54]. SAPT0
calculations were performed with the PSI4 program [55,56].

In all cases, the default convergence criteria have been used for
self-consistent field procedure and geometrical optimizations have
been used. Maestro GUI was used to prepare input files and visual-
ize results in cases of DFT calculations and MD simulations, while
the AMS GUI was used to prepare input files and visualize results in
the case of DFTB calculations. Input files for the PSI4 modeling
package were made with the help of the Avogadro program
[57,58].

3. Results and discussion

3.1. Models for MD simulations and QM calculations

In this study, the MD simulations had priority since they allow
modeling of the interaction between membrane material and
selected molecules in the presence of water. The presence of water
corresponds to a realistic situation such as on-site monitoring of
NA concentration. This is due to environmental accidents such as
oil spilling in the ocean or other water. The MD model used
throughout this study is illustrated in Fig. 1.

In Fig. 1, the central part (grey region) contains the layer of
PDMS chains. In this case, the PDMS layer had 8 PDMS chains, each
consisting of 12 monomers of PDMS. On top of the PDMS layer, the
CHA or 2NA molecules were placed. PDMS layer with CHA or 2NA
3

molecules is surrounded by layers of water (light blue region). In
all cases, the MD model was of cubic shape, with a side length
ranging between 40 Å and 43 Å.

Besides pure PDMS, four other polymers were considered as
membranes and filters for CHA and 2NA molecules. In other words,
five different polymers were placed in the central region of the
model presented in Fig. 1. This means that a total of 10 MD systems
were generated (five systems against CHA and five systems against
2NA molecules) and subjected to MD simulations. Due to the size,
structural formulas of polymer chains used for MD simulations
have been presented in Figure S1 of the Supplementary Materials.
To consider the influence of temperature, each of the 10 MD sys-
tems was considered at three different temperatures, leading to
the fact that 30 MD simulations were performed.

The MD simulations provided a very important parameter –
interaction energy between polymer layer and CHA (or 2NA) mole-
cules. However, these values have no practical significance since
there are no reference values, which would help us to determine
whether the interactions between considered polymers and naph-
thenic acids are too strong or not.

To find the reference values and validate the model presented in
Fig. 1, it was necessary to place benzene and isophorone molecules
on top of the polymer layer, calculate the interaction energies, and
use them as reference values. Literature survey has revealed exper-
iments in which it was demonstrated that benzene [59] and iso-
phorone [14] could easily pass through the PDMS membrane.
Therefore, if the binding energy between the PDMS and benzene
(or binding energy between PDMS and isophorone) is similar to
binding energy between PDMS and CHA (or 2NA), it means that
PDMS can be potentially employed as a material for the develop-
ment of membranes/filters for CHA and 2NA.

To be applied as a membrane through which molecule can pass,
the interaction energy between the polymer layer and molecule
needs to be as low as possible because too high interaction ener-
gies would practically trap the molecule and prevent it from reach-



Table 1
Polymer names and their abbreviations considered in this work.

Polymer Abbreviation
used

Poly(dimethylsiloxane PDMS
Poly(dimethylsiloxane), hydride terminated PDMS-HDT
Poly(dimethylsiloxane), bis(3-aminopropyl) terminated PDMS-B3T
Poly(dimethylsiloxane), monohydroxy terminated PDMS-MHT
Poly(dimethylsiloxane-co-methylhydrosiloxane),

trimethylsilyl terminated
PDMS-TMT

Fig. 2. Structures of polymer chain models used for QM calculations a) P

Fig. 3. Geometrically optimized structures of CHA and 2
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ing the detector. This means that we searched for polymer layer
with as low as possible interaction energy against CHA/2NA.

The names and corresponding abbreviations of polymers
selected as membrane constituents (central part in Fig. 1) are sum-
marized in Table 1, while Fig. 2 contains their 3D structures.

Polymer chains used for QM calculations are presented in Fig. 2,
and they are slightly shorter than the chains used for MD simula-
tions to reduce the computational cost. In particular, QM polymer
chain models consisted of 6 monomer units, while in the case of
the MD simulations, they consisted of 8 monomer units. In the case
DMS, b) PDMS-HDT, c) PDMS-B3T, d) PDMS-MHT and e) PDMS-TMT.

NA and the corresponding MEP and ALIE surfaces.
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of QM calculations, above each polymer chain, CHA or 2NA mole-
cule was placed, and then the geometrical optimizations were per-
formed at DFTB/GFN1-xTB level of theory.

3.2. Selection of naphthenic acids and their reactivity

In this work, the PDMS-based polymers were considered to be
applied for CHA and 2NA naphthenic acids. The reason for selecting
these naphthenic acids was that the cyclic naphthenic acid are less
prone to biodegradation than acyclic fatty acids [60], therefore it is
more likely to find them in situ. Fig. 3 contains the geometrically
optimized structures of CHA and 2NA molecules, together with
their molecular electrostatic potential (MEP) and average local ion-
ization energy (ALIE) surfaces.

MEP and ALIE have been established as standard quantum-
molecular descriptors explaining the local reactivity of molecules
[61–65]. MEP descriptor is frequently used to identify molecular
sites prone to interact with other molecules based on electrostatic
interactions. On the other side, ALIE is intended to identify molec-
ular areas prone to losing an electron if adequate energy is pro-
vided, revealing the molecular sites susceptible to electrophilic
attacks. If the values of MEP and ALIE for CHA and 2NA are consid-
ered, it can be stated that these two molecules have very similar
reactivity. The values and distribution of MEP and ALIE are almost
the same in both cases. The magnitude of negative MEP value of
CHA (-34.89 kcal/mol) is somewhat higher than the 2NA
(�33.90 kcal/mol), while the difference in the case of positive
MEP values is even lower. Concerning the distribution, in both
cases, the near vicinity of the oxygen atom is characterized by
the lowest MEP values. In contrast, the hydrogen atom of the OH
group is characterized by the highest MEP values, identifying these
two molecular sites as the most reactive with other molecules
based on electrostatic interactions.

The same qualitative and quantitative picture is revealed in the
case of the ALIE descriptor. Again, both molecules have very similar
minimal and maximal ALIE values. In contrast, the minimum value
is located within the carboxyl group, between its oxygen atom and
the hydrogen atom of the OH group. The acquired information
about the reactivity of CHA and 2NA is essential for the under-
standing of the interaction with the PDMS and its derivatives and
will be used later in the manuscript. Both MEP and ALIE surfaces
have been obtained with iso-value set to 0.001.

3.3. Interaction energies based on MD simulations

We rely on the interaction energy calculation to identify
whether the PDMS could be applied to develop membranes for
Table 2
Interaction energies [kcal/mol] between PDMS and BEN, ISO, CHA and 2NA, according
to MD simulations at 300 K.

BEN ISO CHA 2NA

PDMS �5.867 �9.120 �8.107 �9.641

Table 3
DFTB interaction energies between PDMS and BEN, ISO, CHA and 2NA (grey background d

Polymer chain Interaction energies for different configurations

#1 #2 #3

PDMS + BEN �1.95 �4.54 �3.56
PDMS + ISO �6.96 �7.12 �2.82
PDMS + CHA �9.72 �1.14 �10.00
PDMS + 2NA �3.51 �0.95 �10.57
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CHA and 2NA molecules. To be suitable for these purposes, the
interaction energies between PDMS and CHA/2NA should be as
low as possible because that would allow CHA and 2NA to pass
through the membrane.

Therefore, to obtain the reference values of the interaction ener-
gies, the MD simulations were first performed when the BEN, ISO,
CHA and 2NA were placed on top of the polymer layer, which con-
sisted of pure PDMS. These results are summarized in Table 2.

The results of the first four MD simulations presented in Table 3
were very encouraging for the potential application of PDMS as
membrane material in the case of the CHA and 2NA molecules.
Namely, the lowest interaction energy has been calculated in the
case of the BEN molecule (�5.867 kcal/mol), meaning that this
molecule could easily pass through the PDMS membrane. This
experimentally confirmed fact was somewhat expected due to
the very small size of the BEN molecule and known reactivity.
The interaction energy between PDMS and ISO was calculated to
be �9.120 kcal/mol, significantly higher than the BEN. However,
it has been experimentally established that PDMS membranes
are applicable in the case of the ISO molecule, so the value of
�9.120 kcal/mol can be regarded as the reference value. In other
words, for some molecule to be able to penetrate through the
PDMS membrane, its interaction energy should not exceed
�9.120 kcal/mol (i.e. taking into account the MD simulation
parameters used in this study). Of course, this does not preclude
higher magnitudes of interaction energy; however, they should
not be too much higher.

Results in Table 3 show that the interaction energy between
PDMS and CHA is much lower than the reference value of
�9.120 kcal/mol, indicating that the CHA molecule could penetrate
the PDMS membrane. The obtained result regarding 2NA is also
encouraging because the magnitude of interaction energy with
PDMS at 300 K is higher for just 0.5 kcal/mol. There is also a rela-
tively significant difference in the interaction energies of CHA and
2NA with PDMS, although there is no significant difference in the
local reactivity of theses molecules. The initial explanation for this
observation can be found by analyzing the structures of these
molecules. Namely, the 2NA has one rotatable bond more than
CHA, meaning that it is a slightly more flexible molecule. This flex-
ibility might lead to a higher possibility to involve reactive centers
(the oxygen atom and hydrogen atom of the OH group) in nonco-
valent interactions with PDMS.

After establishing that a pure PDMS according to our MD simu-
lations might be applicable in the case of CHA and 2NA molecules,
the next step was to check the interaction energies for some other
polymers and identify the ones with the lowest interaction ener-
gies against CHA and 2NA. The criteria for selecting polymers were
that they are relatively simple modifications of the pristine PDMS,
aiming to understand how subtle changes in polymer structure
affect their ability to filter the selected molecules. The interaction
energies between PDMS-related polymers and CHA/2NAmolecules
are summarized in Fig. 4, including the temperature dependence.

The specific different temperatures in Fig. 4 were selected to
cover realistic environmental conditions during the oil spill in
oceans and for the design of detectors of CHA and 2NA. The first
enotes conformations near terminating fragments).

Mean binding energies

#4 #5
E
�sþt

i E
�s

i

�2.21 �0.28 �2.51 �3.35
�2.42 �5.55 �4.97 �5.63

�10.15 �7.05 �7.61 �6.95
�9.41 �8.89 �6.67 �5.01



Fig. 4. Overview of interaction energies between PDMS and CHA (2NA) at different temperatures.
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two temperatures have been chosen to cover the interval of water
temperature within oceans. It has been established that ocean tem-
perature ranges from 271 K to 303 K, which is heavily dependent
on the depth. Although surface water can reach temperatures of
303 K due to the influence of the Sun, the average temperature
of an ocean is around 276 K, because the Sun’s rays cannot pene-
trate deeper than 1000 m. This explains why we have chosen to
perform our MD simulations at 276 K and 300 K.

The highest temperature in Fig. 4, was selected since it is known
that the sensitivity of PDMS increases with the temperature [66],
and it gives a stable sensor signal up to temperatures of 343 K
[67]. Therefore, if it is a goal to develop a detector for CHA or
2NA with higher working temperature, this temperature is also
of interest. Concerning the CHA and 2NA, the temperature of
343 K is acceptable because their boling points are � 504 K
and � 683 K, respectively [68,69].

We will first elaborate the MD results at 300 K. In the case of the
CHA molecule, MD results gave interaction energies whose magni-
tudes are lower than the reference value obtained in Table 3. Only
in the case of the PDMS-B3T polymer, the magnitude of interaction
energy was just slightly higher (for just 0.2 kcal/mol) than the ref-
erence value, meaning that this derivative also has potential for
practical applications. The situation is noticeably different for
2NA molecule, where the magnitude of the interaction energy is
considerably higher than the reference value of �9.120 kcal/mol
in all cases but PDMS-HDT. In this case, the interaction energy is
just slightly higher (�0.2 kcal/mol), and it certainly has the poten-
tial to be considered a suitable polymer material for 2NA.

Considering the influence of temperature results in Fig. 4, the
magnitude of the interaction energy between PDMS polymers
and CHA/2NA molecules decreases with temperature increase in
all cases. In other words, to ensure that CHA or 2NA could pene-
trate easier the PDMS-related membranes, it is desirable to
increase the system’s temperature. This is consistent with the
experimental fact that the sensitivity of PDMS increases with the
increase of temperature.

Next, it should be noticed that the interaction energies of
PDMS-HDT and PDMS-TMT with CHA at 276 K are lower than
the interaction energy of PDMS with CHA at 300 K. I.e., these two
polymers could be a better solution at lower temperatures in case
of CHA than the pure PDMS.
6

MD simulations at 343 K in the case of CHA molecule produced
energies significantly lower than the reference value of
�9.120 kcal/mol, indicating that practically all considered poly-
mers might be applicable as membranes. The best result is
obtained for the PDMS-TMT polymer, in which case the interaction
energy against CHAmolecule was calculated to be�6.881 kcal/mol.
Not only is this value much lower than the reference value
obtained for the ISO molecule, but it is also very close to the value
of interaction energy between PDMS and BEN molecule.

The increase of temperature to 343 K improved the interaction
energies in the case of the 2NA molecule as well. However, the
improvement was not as good as in the case of CHA molecule.
For three polymers, PDMS, PDMS-HDT and PDMS-TMT, interaction
energies with 2NA were lower than the reference value of
�9.120 kcal/mol. The remaining two polymers (PDMS-B3T and
PDMS) also have potential because they are characterized by
slightly higher interaction energies than the reference value.

3.4. Interaction energies based on QM calculations

Apart from MD calculations, the interaction between consid-
ered polymers and CHA/2NAmolecules was also investigated using
the QM calculations. The applied QM calculations were based on
DFTB, and DFT approaches without consideration of solvent effects.
Due to the computational costs related to QMmethods, it is usually
feasible to consider the interaction between only one polymer
chain (or its fragment) and a selected molecule. Without consider-
ation of solvent effects, these calculations correspond to the gas-
eous state, which is also essential for developing sensors.
Namely, the water samples containing CHA or 2NA could be evap-
orated and then delivered to a detector system comprising a poly-
mer membrane, among other elements.

Due to the size of the QM systems in this study,�100 atoms, the
QM method of choice was the DFTB combined with GFN1-xTB
parametrization. In the DFTB engine of AMS, the mentioned
parametrization also includes the D3-BJ dispersion correction by
default, making it particularly useful for investigating the noncova-
lent interactions between molecules.

Next, we present the results of the interaction energies. Again,
the first step was to validate the used models and find the refer-
ence values that would help us to evaluate whether the considered
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polymers might be applicable as membrane materials for CHA and
2NA, this time in the gas state. Therefore, the first task regarding
QM calculations was to calculate interaction energies between
PDMS and BEN, ISO, CHA and 2NA, and compare them. These
results are summarized in Table 5.

Due to different possible orientations of the molecules above
the polymer chain, we have performed several geometry optimiza-
tions for each system. For those reasons, in Table 5 and the follow-
ing tables, we report interaction energies for different
conformations (#1, #2,. . .). Conformations #4 and #5 (with the
grey background) in Table 5 correspond to systems where mole-
cules have been placed near terminating fragments in starting
configurations.

Because of the flexible nature of polymers and different possible
orientations of molecules adsorbed on top of them, we are also
reporting two types of average interaction energies – average
interaction energy including orientations on both side chains and
terminating fragments Esþt

i , and average interaction energy includ-
ing only orientations above the side chains, Es

i . The reason for this is
the fact that the reactivity of side chains and terminating frag-
ments differ. However, if the length of polymers is very long, then
the contribution of terminating fragments to the interaction
between polymer chains and selected molecules can be neglected.
I.e., in such cases, the number of interactions involving terminating
fragments is negligible compared to the number of interactions
involving side chains. Thus, the results in Table 4, and the following
tables, provide information about interactions between polymer
chains with CHA or 2NA for two border cases – short and long poly-
mer chains.
Table 4
DFTB interaction energies in [kcal/mol] between PDMS based polymer chains and CHA (g

Polymer chain Interaction energies for different configurations

#1 #2 #3 #4

PDMS �9.72 �1.14 �10.00 �
PDMS-HDT �6.59 �7.53 �13.40 �
PDMS-B3T �11.14 �4.25 �10.59 �
PDMS-MHT �11.11 �5.93 �9.91 �
PDMS-TMT �5.50 �5.82 �13.08 �

Table 6
Strength of noncovalent interactions expressed in terms of electron density [e/bohr3].

H1 H2

PDMS & CHA �0.0138 �0
PDMS & 2NA �0.0115 �0
PDMS-HDT & CHA �0.0148 �0
PDMS-HDT & 2NA / �0
PDMS-TMT & CHA �0.0079 �0
PDMS-TMT & 2NA �0.0074 �0

Table 5
DFTB interaction energies in [kcal/mol] between PDMS based polymer chains and 2NA (g

Polymer chain Binding energies for different configurations

#1 #2 #3 #

PDMS �3.51 �0.95 �10.57 �
PDMS-HDT �5.77 �6.35 �13.69 �
PDMS-B3T �3.99 �2.79 �8.89 �
PDMS-MHT �10.60 �3.39 �12.24 �
PDMS-TMT �5.72 �12.15 �13.89 �
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Results in Table 5 indicate again that the lowest interaction
energy is between PDMS and benzene molecule, taking into
account both Esþt

i and Es
i . ISO molecule again has stronger interac-

tion energy compared to benzene. Thus the values of �4.97 kcal/-
mol and �5.63 kcal/mol could be considered as border/reference
values of interaction energy.

Considering the Esþt
i parameter, both CHA and 2NA have much

stronger interaction energies with PDMS compared to ISO mole-
cule. This result indicates that the shorter polymer PDMS chains
might not be adequate materials for membranes in the case of
CHA and 2NA when considering the gas state. On the other side,
the Es

i for interaction between PDMS and 2NA molecule is much
lower than the Es

i for interaction between PDMS and ISO, indicating
that for longer polymer chains, PDMS might be suitable as mem-
brane material for 2NA molecule.

Further, in Tables 6 and 7, we present the results of DFTB inter-
action energies between other considered polymer chains with
CHA and 2NA molecules, respectively. Conformations where CHA
and 2NA have been placed near terminating fragments, are again
grey-shaded.

Considering the interactions between PDMS-based polymers

and CHAmolecule, and the E
�sþt

i , it seems that the best choice would
be the PDMS-TMT derivative. Namely, in this case, the interaction
energy is the closest to the border value calculated in the case of
the interaction of PDMS with ISO. All other interaction energies

in the case of the CHA molecule, considering both E
�sþt

i and E
�s

i , are
much higher.
rey background denotes conformations near terminating fragments).

Mean binding energies

#5 #6
E
�sþt

i E
�s

i

10.15 �7.05 / �7.61 �6.95
13.58 �13.58 / �10.94 �9.17
15.24 �15.24 / �11.29 �8.66
5.99 �13.60 �9.14 �9.28 �8.98
3.53 �3.53 / �6.29 �8.13

O1 Total # NCI

.0176 �0.0251 6

.0148 �0.0236 11

.0181 �0.0286 10

.0237 �0.0264 8

.0150 �0.0248 13

.0144 �0.0250 16

rey background denotes conformations near terminating fragments).

Mean binding energies

4 #5 #6
E
�sþt

i E
�s

i

9.41 �8.89 / �6.67 �5.01
2.96 �2.96 / �6.35 �8.60

18.44 �18.44 / �10.51 �5.23
6.65 �10.22 �8.39 �8.58 �8.74
4.29 �4.29 / �8.07 �10.59
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The situation is much better in the case of the interaction

between PDMS-based polymers and 2NA molecule. E
�s

i values in
case of the interaction between PDMS and 2NA, and PDMS-B3T

and 2NA, are lower than the E
�s

i values in case of the interaction
between PDMS and ISO. This means that for longer polymer chains,
both pure PDMS and PDMS-B3T might be good choices when
developing membranes for 2NA.
Table 7
SAPT0 components and charge transfer.

Systems EL EX

PDMS & CHA �26.06 37.40
PDMS & 2NA �24.23 38.12
PDMS-HDT & CHA �32.83 45.08
PDMS-HDT & 2NA �28.76 42.22
PDMS-TMT & CHA �22.89 36.61
PDMS-TMT & 2NA �22.79 36.77

Fig. 5. Noncovalent interactions between PDMS-based polymer chains and CHA/2NA mo
PDMS-HDT & 2NA, e) PDMS-TMT & CHA, f) PDMS-TMT & 2NA.
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3.5. Identification of noncovalent interactions

To better understand the attractive interaction between PDMS-
based polymers from one side and CHA and 2NA molecules from
the other side, we have performed DFT calculations to identify
and quantify noncovalent interactions that are principally con-
tributing. The identification of the noncovalent interactions in this
work is based on the electron density analysis according to the ref-
I D TSAPT0

�9.21 �12.08 �9.94
�9.18 �14.52 �9.82

�11.91 �14.13 �13.80
�10.99 �14.10 �11.63
�7.61 �14.85 �8.74
�8.47 �16.45 �10.94

lecules for conformation 3: a) PDMS & CHA, b) PDMS & 2NA, c) PDMS-HDT & CHA, d)
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erences [70,71], and the method explained therein is incorporated
in the Jaguar program of the SMSS modeling package. Previously,
DFTB optimized structures have been exported from AMS and
imported to SMSS.

In Fig. 5 all intermolecular noncovalent interactions between
PDMS-based polymer chains and CHA/2NA molecules have been
illustrated. Analysis of the interaction energies suggests that con-
formations #3 are characterized with the strongest interaction
energies, therefore these conformations have been selected for
the analysis of noncovalent interactions. Taking into account both
MD and QM results, PDMS, PDMS-HDT and PDMS-TMT have the
highest potential for practical applications, so these systems inter-
acting with naphthenic acids were selected for analysis of the non-
covalent interactions. The strongest noncovalent interactions are
denoted in Fig. 5, and their strengths have been summarized in
Table 6.

For the sake of clarity, Fig. 5 contains only intermolecular non-
covalent interactions. Polymer chains have been displayed in wire
representation, while CHA and 2NA molecules have been displayed
in ball-and-stick representation. Noncovalent interactions involv-
ing hydrogen atoms of the OH group of CHA and 2NA have been
named H1 and H2, while the noncovalent interactions involving
the oxygen atom of the carboxyl group have been named O1.

Local reactivity properties analyzed through MEP and ALIE
descriptors indicated the importance of the carboxyl group in
terms of interactions with other molecules. The analysis of nonco-
valent interactions confirms this as well, since all specific and the
strongest noncovalent interactions involve atoms of this group.
However, the results regarding noncovalent interactions reveal
one more exciting property in the case of QM calculations. Namely,
the PDMS-TMT derivative has the weakest specific noncovalent
interactions, but the interaction energies are still strong. By count-
ing the number of NCIs for conformation #3, it was concluded that
the highest number of NCIs formed precisely when CHA and 2NA
interacted with PDMS-TMT (13 and 16, respectively). Since the
specific noncovalent interactions are the weakest, in this case,
the conclusion is that the high number of noncovalent interactions
involving hydrogen atoms of cyclohexane and norbornane frag-
ments are responsible for the strong interaction. The norbornane
fragment of 2NA has a much higher number of hydrogen atoms
than CHA, leading to the highest number of noncovalent interac-
tions when 2NA interacted with PDMS-TMT.
Fig. 6. MEP surface and EPS atomic charges [e] of a
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3.6. Decomposition of the interaction energy

The geometries analyzed in the previous sub-chapter have also
been subjected to SAPT0 calculations. This method is useful for cal-
culating the noncovalent interaction in the so-called direct way, i.e.
interaction energy is calculated without calculations of total ener-
gies of complex and constituents of that complex. Also, this
method is used for the decomposition of interaction energy into
physical components. These components are electrostatic (EL),
exchange (EX), induction (I) and dispersion (D) components. All
components but EX are attractive. Therefore, by SAPT calculations
and careful comparison of interaction energy components, one can
identify the most critical aspects of attractive interactions between
molecules. SAPT0 components together with total SAPT0 interac-
tion energies (TSAPT0) are summarized in Table 7.

Considering results from both MD simulations and QM calcula-
tions, PDMS-TMT derivative seems to have significant potential for
further consideration as a possible polymer membrane material in
cases of CHA and 2NA. Therefore, we focus special attention on
what happens with the SAPT0 components in case of the interac-
tion of this polymer chain with CHA and 2NA. Results in Table 7
indicate that of the attractive components, the magnitudes of EL
and I components are the lowest of all considered, while the mag-
nitude of the D component is the highest.

The structure of PDMS-TMT is modified so that half of the chain
contains hydrogen atoms instead of methyl groups. Therefore, the
substitution of the methyl groups with hydrogen atom connected
to silicon atom decreases the potential of the PDMS polymer chain
to interact based on electrostatic interactions and increases its
potential to interact based on the quantum mechanical force. It is
important to remember D component represents quantum
mechanical force related to the correlation between electrons of
interacting molecules. As if the substitution of the methyl group
with hydrogen atom increases the electron density between PDMS
chain and naphthenic acid molecule, so the electron correlation is
more significant. To test this, we refer to the electronegativities
and calculated atomic electrostatic potential charges (Fig. 6).

Electronegativity is a tendency of an atom to attract a bonding
electron pair. The higher this value is, the more it will attract a
bonding electron pair. In the case of the methyl group, C atoms
have higher electronegativity (2.55) than hydrogen (2.20). There-
fore, a higher electron density is associated with a carbon atom,
fragment of a) PDMS and b) PDMS-TMT chains.



S. Armaković, Ð. Vujić and B. Brkić Journal of Molecular Liquids 351 (2022) 118657
leaving electron deficient hydrogen atoms to interact with naph-
thenic acid molecules. The situation is quite different in the case
of the PDMS-TMT when instead of a methyl group, a hydrogen
atom is attached directly to the silicon atom. The electronegativity
of hydrogen (2.20) is higher than the electronegativity of silicon
(1.90), because of which higher electron density is located near
hydrogen atom, which interacts with naphthenic acid molecules.
This explains why there is a higher electron correlation when
PDMS-TMT interacts with naphthenic acid molecules. These facts
are also confirmed by the analysis of MEP surface and ESP atomic
charges.

In Fig. 6a it can be seen that hydrogen atoms of the methyl
group, which interact with the naphthenic acid molecules, have
positive atomic charges. On the opposite, the hydrogen atom
directly attached to the silicon atom (PDMS-TMT in Fig. 6b) is char-
acterized by the negative atomic charge (-0.17 e). MEP surface in
the case of the PDMS is green in the vicinity of methyl group
hydrogen atoms, while it is yellow in the case of the hydrogen
atom of the PDMS-TMT, indicating negative values of electrostatic
potential. This also confirms that in the case of the PDMS-TMT,
higher electron density interacts with the naphthenic acid mole-
cules, thus explaining higher electron correlation and higher mag-
nitude of the D component.
4. Conclusions

This paper evaluated the potential for practical applications of
selected PDMS derivatives in portable mass spectrometry for iden-
tification of target napthenic acids using membrane sample inlets.
We first investigated the interactions of the selected polymers with
BEN and ISO molecules, which are known to penetrate the PDMS
membrane efficiently.

The interaction energy between PDMS and CHA is significantly
lower than that between PDMS and ISO, indicating that the pure
PDMS might have the potential for practical applications as mem-
brane material in the case of CHA. In the case of the 2NA molecule,
themagnitude of the interaction energywith PDMS is just 0.5 kcal/-
mol higher than the reference value.

At 300 K, all considered PDMS-based polymers may be suitable
for CHA molecule, while in the case of the 2NA molecule, PDMS,
PDMS-HDT and PDMS-TMT polymers may be suitable. Concerning
the 2NA molecule, PDMS-B3T and PDMS-MHT might be suitable.

At 276 K, only PDMS, PDMS-HDT and PDMS-TMT might be
potentially suitable for practical applications in the case of CHA.
In the case of 2NA, at 276 K, the weakest interaction energy is again
obtained in the case of the PDMS-TMT. At 343 K, the magnitude of
interaction energies between all PDMS-based polymers and CHA
molecule severely decreased below the reference value, with the
lowest being again in the case of the PDMS-TMT. Interaction
energy in the case of PDMS-TMT & CHA system severely
approached interaction energy between PDMS and BEN at 300 K.
At 343 K, interaction energies between PDMS, PDMS-HDT and
PDMS-TMT were also weaker than the reference value. Other poly-
mers had interaction energies that were just 0.2 kcal/mol and
0.5 kcal/mol stronger than the reference value.

DFTB analysis showed that the interaction energies between
PDMS and CHA/2NA are not much stronger than those correspond-
ing to the interaction between PDMS and ISO. Again, the PDMS-
TMT provides the best results in the case of the CHA molecule,
while the PDMS-B3T might be the best choice in the case of the
2NA molecule.

Analysis of noncovalent interactions by the DFT method shows
that the weakest specific noncovalent interactions occur in the
case of PDMS-TMT, considering conformations with the strongest
interaction energies. The strong interaction energies in these cases
10
are attributed to the highest number of formed noncovalent inter-
actions. Besides PDMS, PDMS-TMT seems to have the highest
potential for practical applications, because of which special atten-
tion was focused on the analysis of SAPT0 components of the inter-
action energy. The substitution of methyl group with hydrogen
atom has been found to decrease the electrostatic component of
interaction and raise the dispersion component of interaction, as
elaborated in detail by considering the electronegativities, MEP
surfaces, and atomic ESP charges.
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S. Armaković, Ð. Vujić and B. Brkić Journal of Molecular Liquids 351 (2022) 118657
[12] R. Camilli, C.M. Reddy, D.R. Yoerger, B.A.S. Van Mooy, M.V. Jakuba, J.C. Kinsey,
C.P. McIntyre, S.P. Sylva, J.V. Maloney, Tracking hydrocarbon plume transport
and biodegradation at Deepwater Horizon, Science (80-) 330 (6001) (2010)
201–204.
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